Background: The clinical applicability of sonography and sonoelastography (SOE) in
| INTRODUCTION
Accurate identification of malignancy in lymph nodes is essential for therapeutic planning, tumor staging, and prognosis prediction in dogs with neoplasia. 1 Fine-needle aspiration (FNA) cytology is widely used in small animal clinical practice because of its minimal invasiveness, cost-effectiveness 2 and high sensitivity (SE) and specificity (SP) for diagnosis of lymph node lesions. 3 However, FNA cytology may be associated with a low percentage of nondiagnostic sampling and may be costly if the assessment of multiple nodes is required. 4 Several studies investigated the utility of noninvasive imaging methods, brightness mode (B-mode), and Doppler sonography, for characterization of lymph node lesions in human patients. [5] [6] [7] [8] [9] [10] [11] Sonographic features such as size, shape, margination, echogenicity, texture, 5, 8, 9 vascular flow distribution, 5, 7, [9] [10] [11] and perfusion indices 6, 7 have been used to characterize lesions.
In the veterinary medical literature, although some studies attempted to characterize malignant nodes using ultrasonography, results often have been controversial, particularly with the use of B-mode sonography. 1, [12] [13] [14] [15] Pulsed-wave Doppler (PWD) sonography has been proposed as a method of differentiating benign from malignant lymphadenopathy in dogs. 13, 16 However, the value of the isolated use of this technique remains to be determined, because satisfactory diagnostic accuracy may be dependent on extreme cutoff values. 6 Sonoelastography (SOE) was first implemented in human medicine in the early 1990s. 17 Among the different modalities available, strain elastography is a real-time imaging technique that can estimate tissue elasticity according to elasticity stiffness scores 18 and is based on the assumption that malignant tissues have stiffer elasticity than do benign tissues. 19 Studies performed in human patients suggest that this modality can be used as a complementary tool to ultrasonography with potential to avoid unnecessary biopsies of nodal lesions. 20 We are aware of only 1 study in the veterinary medical literature that used strain elastography to try and differentiate malignant from nonmalignant lymph nodes. This study was limited by its small sample size and finding of overlap of the elastographic scores between malignant and nonmalignant lymph nodes. 21 The majority (80.4%) of nodes evaluated in that study were intra-abdominal (deep) nodes.
Although sonography and SOE can provide detailed information regarding dimensions, contours, parenchymal architecture, vascularization, and elasticity of lymph nodes affected by different disease processes, the value of these variables in the detection of malignancy remains unclear in veterinary clinical practice. Our first objective was to compare B-mode and Doppler sonographic features as well as elasticity stiffness scores between benign and malignant superficial lymph nodes of dogs. We hypothesized that sonographic and elastographic features would be distinct between both categories of nodes. The second objective was to evaluate the diagnostic performance of those methods in the detection of nodal malignancy. 
| MATERIALS AND METHODS

| Animals
| Cytology/Histopathology
Cytological or histopathological examination of the lymph nodes was performed by experienced pathologists. Samples were collected and processed using standard techniques. Cytology slides were air-dried and subsequently stained with Diff-Quik (Laborclin, Pinhais, Parana, Brazil). Histologic sections were prepared from formalin-fixed tissue and stained with hematoxylin-eosin. Slides were interpreted and, based on the diagnosis, categorized as benign or malignant.
| Ultrasonography
Sonography and SE were performed by a single investigator (A.F.
Belotta) who was unaware of the category of each lymph node (benign or malignant), using a MyLab Alpha Unit (Esaote Healthcare, Sao Paulo, SP, Brazil) and multifrequency linear transducer (4-13 MHz).
Images were stored in the equipment and transferred via DICOM for analysis using MyLab Desk3 software (Esaote Healthcare, Sao Paulo, Brazil).
Using B-mode, maximum short axis (SA) diameter and maximum long axis (LA) diameter were measured, and short-to-long axis (SLA) 
where RI is resistivity index; SPV is systolic peak velocity; EDV is end-diastolic velocity; PI is pulsatility index; and, MV is mean velocity.
For each lymph node, 2 other arterial spectral waves were obtained, and average RI and PI were calculated. 1. ≥80% of the total area of the node depicted in yellow or red (soft);
| Sonoelastography
2. 50% to 80% of the total area of the node depicted in yellow or red (moderately soft);
3. 50% to 80% of the total area of the node depicted in blue (moderately stiff);
4. >80% of the total area of the node depicted in blue (stiff).
Intranodal anechoic focal areas corresponding to cystic or necrotic changes were not included in the analysis because they were not indicative of the solid component. In those cases, the remaining parenchyma was evaluated. In cases in which acquisition of uniform and regular movements was not feasible, nodes were excluded from the analysis.
Five to 10 elastograms were acquired for each lymph node, and an elasticity stiffness score was assigned for each image. An average score then was calculated for each lymph node. If the resulting average score was a decimal number, it was approximated to the nearest whole number. The mean elasticity stiffness score then was obtained for each group (benign and malignant).
| Statistical analysis
Normal distribution of quantitative variables was determined by the Kolmogorov-Smirnov test. Quantitative variables including LA, SA, SLA ratio, RI, and PI were compared between neoplastic and nonneoplastic nodes using a Student's unpaired t test (for data with normal distribution). Qualitative variables including contour regularity, nodal border definition, parenchymal uniformity, nodal hilum, perinodal tissue echogenicity, vascular flow intensity and distribution, abnormal vascular flow, and elasticity stiffness score were assessed between the 2 categories of nodes using a nonparametric Mann-Whitney U test (for data with nonnormal distribution).
To evaluate diagnostic performance of the variables that were significantly different between benign and malignant nodes, optimal cutoff points maximizing SE and SP were determined using receiveroperating characteristic (ROC) curves. Area under the curve (AUC) was calculated with 95% confidence interval (CI) to quantify the ability of each variable to detect malignancy. In addition, positive predictive value (PPV), negative predictive value (NPV), and accuracy were calculated for each cutoff point. Agreement of malignancy with vascular flow distribution (normal/hilar or abnormal/hilar and peripheral or abnormal/peripheral) on PD was analyzed using Cohen kappa coefficient for each group (benign versus malignant). In addition, a binary logistic regression model was built, using malignancy as the dependent variable. The Nagelkerke pseudo-R 2 value was calculated to assess prediction accuracy, and an ROC curve was built to determine the predictive capacity. Analyses were considered significant when P < .05. Tables 1 and 2 and elasticity scores are summarized in Table 3 .
| RESULTS
Dogs
Significant differences were seen in LA (P = .0002), SA (P < .0001), and SLA ratio (P < .0001) between both categories. Means for those features were higher in malignant nodes ( Abbreviations: LA, long axis; SA, short axis; SLA ratio, short-to-long axis ratio. *P = .0002 between benign and malignant nodes. **P < .0001 between benign and malignant nodes. A significant difference was seen in the vascular flow distribution between the groups using DCFM (P < .005) and PD (P < .0001; (Table 2) .
T A B L E 2 Doppler sonographic features of benign and malignant lymph nodes of dogs
Resistivity and pulsatility indices also differed between the groups (P < .0001), with higher values observed in the malignant nodes in comparison with benign nodes ( Figure 2E ). When an RI value of 0.69 was taken as the cutoff point, SE and SP of RI were 86.4% and 71.2%, respectively (P < .05). When the PI value of 1.49 was taken as the cutoff point, SE and SP of PI were 70.7% and 78%, respectively (P < .05).
No significant differences were found between the groups for other
Doppler sonographic features such as the presence of vascular flow and intensity of flow ( Table 2 ).
Elasticity score distribution was significantly different between the groups (P < .0001), with a score of 1, relative to soft elasticity, being most frequent in the benign nodes (Supporting Information Figure S3A , B) and score 4, relative to stiff elasticity, being most frequent in the malignant nodes (Figure 3C , D; Table 3 ). Satisfactory elastographic images were acquired for 82.8% (96/116) of the nodes.
Nearly 89.5% of the benign nodes (60/67) and nearly 73.5% of the malignant nodes (36/49) had satisfactory elastographic images that allowed categorization into 1 of the scores. Reasons for unsatisfactory elastograms included large size of some of the lymphomatous nodes in the malignant group and an anechoic or hypoechoic component corresponding to an extensive portion of the node in both groups.
The diagnostic performances of B-mode, PD, PWD, and SE variables are summarized in Table 4 . Short axis offered the highest diagnostic accuracy, 80.2% (P < .05), for prediction of nodal malignancy, F I G U R E 1 B-mode sonographic images of reactive (A and B) and neoplastic nodes (C and D) of dogs. Heterogeneous parenchyma is noted in a popliteal reactive node (A) and in a superficial cervical lymphomatous node (C). An increase in echogenicity of peri-nodal fat is observed around a reactive superficial inguinal node (B) and around a malignant mesenchymal tumor metastasis in a superficial inguinal lymph node followed by elasticity score, with 78.1% (P < .05), and RI, with 77.7% (P < .05). Long axis offered the highest SP for prediction of nodal malignancy, 85.1% (P < .05). Receiver-operating characteristic curves for B-mode, PD, and PWD, relative to SE, are shown in Figure 4 .
T A B L E 3 Distribution of frequencies of elastographic scores of benign and malignant lymph nodes of dogs
Among the variables, elasticity score showed the highest AUC, 0.87 (95% CI, 0.8-0.93). Mean SA and LA for benign and malignant nodes in our study are higher than values reported for presumptively normal superficial cervical lymph nodes in dogs. 25 Malignant nodes had significantly higher SA and LA in comparison with benign nodes, as previously reported for deep lymph nodes in dogs. 15 To our knowledge, mean values for SA and LA, as well as differences in these values between benign and malignant superficial nodes in dogs, have not been investigated previously. In our study, among all variables, SA offered the best diagnostic accuracy for detection of nodal malignancy. However, the overlap of SA measurements between some benign and malignant nodes and the fact that some metastatic nodes may not increase in size highlight the importance of additional tools such as Doppler modality and SOE in the detection of malignancy. Although LA offered the lowest diagnostic accuracy, it also had the highest SP and thus better ability to avoid unnecessary invasive procedures for the diagnosis of neoplastic nodes.
The best diagnostic accuracy for SLA ratio in our study showed a cutoff point ≤0.48 for reactive and >0.48 for malignant nodes. The higher SLA ratio observed for neoplastic nodes in comparison with benign nodes corroborates previous studies in dogs and human patients, 24, 26 which showed that neoplastic nodes tend to have rounded shape. The rounded shape of neoplastic nodes is associated with tumor cell infiltration in part of the node, obliterating lymphatic channels, and leading to focal cortical enlargement. 27 However, superficial metastatic nodes in dogs were reported to have a rounded or elongated shape. 13 The same was observed in our study, in which half of the metastatic nodes (5/10; 50%) had an SLA ratio <0.5 and, consequently, more elongated shape. The higher proportion of lymphomatous nodes (39/49, F I G U R E 3 Sonoelastographic images of reactive popliteal nodes (A and B), of a lymphomatous popliteal node (C) and an oral melanoma metastatic mandibular node (D) in dogs. In images (A) and (B), more than 80% of the total area of the node is depicted in red (soft) and yellow (intermediate), with less than 20% of the area depicted in blue (stiff), corresponding to score 1. In (C), 50 to 80% of the total area of the node is depicted in blue and mild areas depicted in red or yellow, corresponding to score 3. In (D), more than 80% of the total are of the node is depicted in blue , correponding to score 4 79.59%) included in the malignant group as opposed to metastatic nodes (10/49, 20.41%) may have contributed to a higher mean SLA ratio in this category.
The lack of significant differences in contour regularity, nodal border definition, parenchymal uniformity, and nodal hilum definition corroborates a previous study that compared sonographic features between benign and malignant superficial lymph nodes of dogs. 13 With respect to hyperechoic nodal fat, some investigators found that this sonographic variable is more likely associated with lymph nodes with round cell neoplasia, although it also may be a nonspecific finding in lymph nodes with other types of neoplasia or with benign lesions. 28 In our study, although hyperechoic perinodal fat was found to be more prevalent in neoplastic nodes, when analyzing only the malignant group, this feature was found to be more prevalent in metastatic nodes (7/10, 70%) than in lymphomatous nodes (13/39, 33.3%), as opposed to the previous study. 28 In our study, nodal border was well defined in a high number of lymph nodes in both groups. Well-defined nodal border, in human patients, was associated with malignancy. 29 In another study performed on superficial lymph nodes of dogs, although this feature was highly prevalent in lymphomatous nodes, no statistical difference was observed between malignant and benign nodes, supporting our results. Others reported similar frequencies for parenchymal heterogeneity between benign and malignant lesions in superficial and deep canine lymph nodes. 13, 30 Focal areas of decreased echogenicity in benign nodes may be representative of inflammation, whereas in malignant nodes, it may occur as a result of necrosis. 30 In our study, nodal hilum was defined in nearly 60% of nodes in both groups and, consequently, no statistical difference was found, corroborating other studies. 13, 30 The absence of a nodal hilum definition was described in a high percentage of lymphomatous nodes in dogs. 14 It also has been previously associated with malignancy in human patients, because of infiltration of neoplastic tissue. 20 However, other researchers showed that nonneoplastic lesions such as inflammatory or infectious lymphoid hyperplasia could lead to formation of new germinal centers within the hilum and, as a result, to its absence. 30 Doppler modalities have been shown to be effective in the detection of malignancy in lymph nodes of human and canine patients. 11, 13, 15, 31 The same was observed in our study because vascular flow distribution, RI and PI, were significantly distinct between malignant and benign nodes. With regard to vascular distribution, an improvement in statistical significance was observed when PD was used to evaluate vascular flow as opposed to the use of DCFM. This is justified by the higher SE of PD for the detection of weak signals in small vessels that have low-velocity flow. 23 Hilar vascular flow distribution was most frequent in benign lymph nodes, whereas hilar and peripheral were most frequent in malignant lymph nodes, as observed in a previous study. 13 In our study, PD did not offer high diagnostic accuracy (73%) in the detection of nodal malignancy. However, nodes with peripheral or mixed vascular distribution were 9.25 times more likely to be malig- other studies in dogs. 13, 16 The ROC analysis showed that cutoff values for RI (0.69) and PI (1.49) to predict nodal malignancy in our study are close to the cutoff values previously reported for RI (0.68) and PI (1.49) to discriminate between normal and metastatic superficial lymph nodes in dogs. 13 In addition, RI in our study showed very good diagnostic accuracy in the prediction of malignancy, as opposed to a study performed in human patients that suggested that only extreme cutoff points of perfusion indices are useful in diagnosis and treatment planning. 6 With respect to the elastographic examination, the use of a qualitative chromatic scale was effective in the differentiation between superficial benign and malignant nodes. In the benign nodes, a high frequency of score 1 (soft) was found, whereas in malignant nodes a high frequency of score 4 (stiff) was found, similar to results described in a previous study that evaluated a population comprised mostly of deep canine and feline lymph nodes. 21 Although variations may occur, particularly in lymphomatous nodes with necrotic areas, malignant nodes of human patients showed >45% of their total area with stiff elasticity because of infiltration by tumor. 32, 33 An important proportion of lymph nodes in both groups had overlapping elastographic scores, as previously described, 21 limiting the use of SOE individually for the detection of malignancy. However, in human patients, a high diagnostic power was obtained associating the high SP of SOE with the high sensitivity of B-mode sonography in comparison with the use of each method individually in the detection of malignancy in nodes that had overlapping sonographic scores. 32 To our knowledge, ours is the first study to report the diagnostic performance of strain elastography in the detection of nodal malignancy in dogs. Elasticity stiffness score offered the highest AUC value and, consequently, the best diagnostic ability to predict nodal malignancy. This modality also offered very good diagnostic SE (83.3%), and moderate SP (75%) in malignancy detection. These results are supported by those reported in a recent study, in which Acoustic
Radiation Force Impulse (ARFI) elastography, a quantitative modality of elastography, had excellent diagnostic accuracy in the detection of axillary and inguinal nodal metastasis in bitches with mammary neoplasms. 34 Sonographic and sonoelastographic variables were not accurate enough to replace cytological evaluation of superficial lymph nodes in dogs, which offered SE and SP of 100% and 96%, respectively, in a previous study. 3 However, they are useful noninvasive imaging modalities that yield a presumptive diagnosis of malignancy.
We believe that combining ≥2 sonographic or sonoelastographic variables would improve the diagnostic accuracy of nodal malignancy detection, and that this association should be investigated.
Variables such as SA, RI, and elasticity stiffness score, which offered the highest diagnostic accuracy in our study, can be used as an aid to determine the need for further and more invasive diagnostic procedures such as FNA or biopsy, avoiding additional costs to clients and unnecessary anesthetic exposure to patients in some cases. Furthermore, sonography and SOE may be used as additional or alternative diagnostic tools when inconclusive or negative cytological results are obtained. In the first case, sonography also can help determine the best area for needle placement, by avoidance of focal anechoic or hypoechoic areas suggestive of necrosis or inflammation and of highly vascularized areas that could negatively influence the adequacy of the aspirates.
A limitation of qualitative real-time SOE includes the subjectivity associated with the evaluation of elastograms, which may lead to a higher interobserver variability in comparison with other elastographic modalities. This limitation could be avoided by use of a semiquantitative measurement such as strain ratio, which measures the elasticity of the node relative to adjacent tissues and has been shown to improve the diagnostic SE of the elastographic score in humans. Sonographic and elastographic evaluation of the lymph nodes in our study was performed immediately after aspiration cytology for most nodes (114/116, 98.28%). Although the insertion of the needle into the lymph nodes potentially could have some effect on sonographic images, in our experience, the effect is limited to a recognizable needle track on sonographic image in a few lymph nodes.
However, a needle track was not observed in any of the nodes. To our knowledge, no available studies have evaluated the effects of FNA on sonographic images of the organ being aspirated. On the other hand, FNA effects on lymph node histology have been investigated previously. It was found that approximately 84% of the nodes aspirated had no evidence of architecture distortion and only 8% of the nodes had some evidence of needle tracks on histology. 37 In the same study, of the nodes with a needle track, approximately 43%
showed histologic changes such as fibrin and inflammatory cells surrounding the needle track and occupying an area <5% of the section.
This finding suggests that fine-needle cytology would cause minimal effects on qualitative and quantitative sonographic variables.
| CONCLUSIONS
Sonography and SOE are useful imaging modalities for differentiating between malignant and benign lymph node lesions in dogs, particularly using variables such as SA, RI, and elasticity stiffness score, which offered the highest diagnostic accuracies. Results obtained in our study support the use of both techniques as noninvasive screening diagnostic tools in oncologic patients to obtain relevant additional information that will aid in determining treatment and prognosis. 
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